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6WXG\ RI IUHHVWDQGLQJ HOHFWURGHG 3=7 WKLFNILOPV IURP PDWHULDOV WR
PLFURV\VWHPV
+Hғ OHҒ QH 'HEHғ GD1,D  5LDGK /DNKPL1,E  9DOHғ ULH 3RPPLHU%XGLQJHU2,F 
&ODXGH /XFDW1,G
18QLYHUVLWHғ GH %RUGHDX[ ,06 /DERUDWRU\  7DOHQFH &HGH[ )UDQFH
28QLYHUVLWHғ 7RXORXVH ,QVWLWXW 6XSHғ ULHXU GH O¶$Hғ URQDXWLTXH HW GH O¶(VSDFH  7RXORXVH )UDQFH
D KHOHQHGHEHGD#LPVERUGHDX[IU EYEXGLQJHU#LVDHIU F ULDGKODNKPL#LPVERUGHDX[IU
G FODXGHOXFDW#LPVERUGHDX[IU
.H\ZRUGV 3=7 WKLFNILOP VFUHHQSULQWLQJ GHQVLILFDWLRQ 0(06 SLH]RHOHFWULF
$EVWUDFW )UHHVWDQGLQJ HOHFWURGHG SLH]RHOHFWULF 3=7 WKLFNILOPV DUH VWUDLJKWIRUZDUG IDEULFDWHG WKDQNV
WR WKH DVVRFLDWLRQ RI WKH ORZFRVW VFUHHQSULQWLQJ WHFKQRORJ\ ZLWK WKH VDFULILFLDO OD\HU PHWKRG $X
3=7 $X EULGJHV DUH GLUHFWO\ DWWDFKHG RQWR WKH DOXPLQD VXEVWUDWH RQ WRS RI LW WKH\ DUH SURFHVVHG ,Q
DGGLWLRQ FRPSOHWHO\ UHOHDVHG GLVNV DUH DOVR SURFHVVHG $ VWXG\ RI WKH EHKDYLRXU RI WKHVH FRPSRQHQWV
VKRZV WKH LQIOXHQFH RI ERWK WKH UHOHDVLQJ SURFHVV DQG WKH GHQVLILFDWLRQ RQ WKH SLH]RHOHFWULF SURSHUWLHV
RI WKH 3=7 OD\HU )URP WKH HOHFWURPHFKDQLFDO PHDVXUHPHQWV HOHFWURGHG 3=7 FDQWLOHYHUV DQG GLVNV DUH
SURPLVLQJ IRU DFWXDWRU VHQVRU RU 6+0 DSSOLFDWLRQV
,QWURGXFWLRQ
0LFURV\VWHPV 0(06 DUH PRVWO\ LVVXHG IURP WKH WUDQVSRVLWLRQ RI VLOLFRQ PLFURPDFKLQLQJ SUR
FHVVHV XVHG LQ ,& PDQXIDFWXULQJ WR WKH IDEULFDWLRQ RI PRYDEOH HOHPHQWV >@ 0(06 FDQ DOVR EH PDGH
E\ XVLQJ DOWHUQDWLYH WHFKQRORJLHV VXFK DV /,*$ /7&& RU GLUHFW SURFHVVHV RI SURWRW\SLQJ LQNMHW
PLFURSHQ PLFURVWHUHROLWKRJUDSK\ HWF >@ ,Q WKH VDPH ZD\ WKH FRVWHIIHFWLYH VFUHHQ SULQWLQJ WHFK
QRORJ\ PD\ DOVR EH FRQVLGHUHG IRU WKH IDEULFDWLRQ RI WKLFNILOPV 0(06 >@ +RZHYHU WKH IDEULFDWLRQ
RI IUHHVWDQGLQJ WKLFNILOP DFWXDWRUV VXIIHUHG IURP WKH ODFN RI WHFKQRORJLFDO VROXWLRQV IRU UHOHDVLQJ WKH
VWUXFWXUDO OD\HUV ZKLFK QHHG WR EH DFWXDWHG LQGHSHQGHQWO\ RI WKH VXEVWUDWH
5HFHQWO\ IUHHVWDQGLQJ SLH]RHOHFWULF GHYLFHV PDGH RI VFUHHQSULQWHG WKLFNILOPV KDYH EHHQ GH
YHORSHG >@>@ ,Q WKLV SDSHU ZH UHSRUW VWUDLJKWIRUZDUG HOHFWURGHG SLH]RHOHFWULF $X3=7$X WKLFN
ILOPV IRU WKH UHDOL]DWLRQ RI EULGJHV DQG GLVNV EDVHG FRPSRQHQWV %ULGJHV DUH GLUHFWO\ DWWDFKHG RQWR
WKH DOXPLQD VXEVWUDWH RQ WRS RI LW WKH\ DUH SURFHVVHG ZKHUHDV WKH GLVNV DUH FRPSOHWHO\ UHOHDVHG $I
WHU SURFHVVLQJ SK\VLFRFKHPLFDO DQG HOHFWURPHFKDQLFDO FKDUDFWHUL]DWLRQV RI HDFK W\SH RI FRPSRQHQW
DUH SHUIRUPHG 7KH SLH]RHOHFWULF SURSHUWLHV RI 3=7 WKLFNILOPV DUH FRPSDUHG WR WKRVH RI FHUDPLFV
SUHSDUHG ZLWK WKH VDPH PDWHULDOV ,Q RWKHU UHVSHFWV SURSHUWLHV RI 3=7 GLVNV DUH HYDOXDWHG WKURXJK
DFWXDWLQJ DQG VHQVLQJ DSSOLFDWLRQV DV ZHOO DV WKH (OHFWUR0HFKDQLFDO ,PSHGDQFH (0, RI WKH GLVNV
ERQGHG RQ D PHWDOOLF VWUXFWXUH IRU 6WUXFWXUDO +HDOWK 0RQLWRULQJ 6+0 DSSOLFDWLRQV
6WXG\ RI IUHHVWDQGLQJ DQG WRWDOO\ UHOHDVHG SLH]RHOHFWULF PLFURV\VWHPV
%ULGJHW\SH IUHHVWDQGLQJ SLH]RHOHFWULF GHYLFHV
7KH FRPELQDWLRQ RI VFUHHQSULQWLQJ WHFKQRORJ\ DQG VDFULILFLDO OD\HU PHWKRG DOORZV WKH IDEULFDWLRQ
RI EULGJHW\SH SLH]RHOHFWULF PLFURV\VWHPV $X3=7$X SDUWLDOO\ UHOHDVHG IURP DQ DOXPLQD VXEVWUDWH
DIWHU UHPRYDO RI VDFULILFLDO OD\HU 7KH VDFULILFLDO OD\HU PDGH RI PLQHUDO ILOOHU LQ DQ HSR[\W\SH LQN
PXVW IXOILOO UHTXLUHPHQWV VXFK DV WKHUPDO DQG PHFKDQLFDO VWDELOLW\ IRU WKH VWUXFWXUDO OD\HU GHSRVLWLRQ
FKHPLFDO KDUPOHVVQHVV HWF 6WURQWLXP FDUERQDWH 6U&2 LV FKRVHQ DV WKH PLQHUDO ILOOHU EHFDXVH RI LWV
FKHPLFDO VWDELOLW\ XS WR WKH XVXDO ILULQJ WHPSHUDWXUHV (850− 900◦C) 6U&2 OD\HU VXVWDLQV WKH VWUXF
WXUDO OD\HUV GXULQJ WKH WKHUPDO WUHDWPHQW DW KLJK WHPSHUDWXUH (T > 500◦C) WR SUHYHQW PHFKDQLFDO
GHIRUPDWLRQ RI WKH VDPSOH 6U&2 LV HDVLO\ GLVVROYHG LQ D ZHDN DFLGLF VROXWLRQ DW WKH HQG RI WKH ILULQJ
SURFHVV $X LQN LV FRPPHUFLDOO\ DYDLODEOH (6/ IURP (OHFWUR6FLHQFH /DERUDWRU\ ZKHUHDV 3=7
DQG VDFULILFLDO OD\HU LQNV DUH SUHSDUHG LQ RXU ODERUDWRU\ &RPPHUFLDO 6U&2 SRZGHU LV ILUVW VLHYHG DQG
PL[HG ZLWK DQ HSR[\EDVHG SDVWH &RQFHUQLQJ WKH SLH]RHOHFWULF SDVWH WKH 3=7 3E=U7L2
SRZGHU LV PL[HG ZLWK D VWDQGDUG RUJDQLF ELQGHU (6/ LQ D PRUWDU DQG WKHQ KRPRJHQL]HG LQ D SODQ
HWDU\ EDOO PLOO GXULQJ  KRXUV LQ RUGHU WR IXOILO WKH UHTXLUHG UKHRORJLFDO SURSHUWLHV $ ERURVLOLFDWH
JODVVIULW ZW LV DGGHG WR WKH 3=7 LQN IRU GHQVLILFDWLRQ LPSURYHPHQW ZKLOH GHFUHDVLQJ WKH ILULQJ
WHPSHUDWXUH
7KHQ WKH VDFULILFLDO OD\HU (≈ 50µm) LV VFUHHQSULQWHG RQ WKH VXEVWUDWH DQG SRO\PHUL]HG DW 120◦C
SULRU WR VXFFHVVLYH GHSRVLWLRQV RI ERWWRP HOHFWURGH (≈ 10µm) 3=7 OD\HU (≈ 120µm) DQG WRS HOHF
WURGH (≈ 10µm) FRQVHFXWLYHO\ GULHG DW 120◦C GXULQJ PLQ $IWHU ILULQJ WKH PXOWLOD\HU VDPSOHV 
PLQ DW 850◦C LQ DLU DWPRVSKHUH GLVVROXWLRQ RI VDFULILFLDO OD\HU LV SHUIRUPHG LQ WKH PROHH3PO4
DTXHRXV VROXWLRQ $V VKRZQ LQ )LJ D $X HOHFWURGHV DUH V\PPHWULFDOO\ DQFKRUHG RQ HDFK VLGH RI WKH
FRILUHG PXOWLOD\HUV WR PDLQWDLQ WKH VXVSHQGHG EULGJHW\SH SLH]RHOHFWULF GHYLFH RYHU WKH DOXPLQD
(VWLPDWLRQ RI D FRPSDFLW\ RI  ρPZT ∼ 5.5g.cm−3) IRU WKH SRURXV PLFURVWUXFWXUH RI WKH 3=7
OD\HU LV REWDLQHG IURP 6(0 DQDO\VLV RI IUHHVWDQGLQJ 3=7 GHYLFHV (3.3x3.3x0.08mm3) 0RUHRYHU
PLFURSUREH DQDO\VHV &$0(&$ 6;  SHUIRUPHG DW GLIIHUHQW ORFDWLRQV RI WKH IUHHVWDQGLQJ 3=7
WKLFNILOP GLVFORVH QR WUDFHV RI 6U LQ $X DQG 3=7 OD\HUV
%HIRUH WKH HOHFWULFDO FKDUDFWHUL]DWLRQV SHUIRUPHG ZLWK DQ +3$ LPSHGDQFH DQDO\]HU 3=7 GH
YLFHV DUH SODFHG XQGHU GU\ KHOLXP DWPRVSKHUH LQ D FORVHG FHOO DQG SROHG  PLQ XQGHU DQ HOHFWULF ILHOG
RI 5kV.mm−1 DW T = 270◦C ORZHU WKDQ WKH &XULH WHPSHUDWXUH RI 3=7 (TC 280◦C)
&RQYHUVHO\ WR FODPSHG 3=7 GHYLFHV LPSHGDQFH PHDVXUHPHQWV RI UHOHDVHG 3=7 EULGJHW\SH VDP
SOHV VKRZ FOHDUO\ LQSODQH YLEUDWLRQV DW N+] +RZHYHU ERWK W\SH RI 3=7 GHYLFHV H[KLELW PH
FKDQLFDO RXWRISODQH YLEUDWLRQV SDUDOOHO WR WKH SROLQJ D[LV LQ WKH 0+] UDQJH )URP WKH IUHTXHQF\
UHVRQDQFHV PHDVXUHG IRU IUHHVWDQGLQJ VDPSOH LW LV SRVVLEOH WR FDOFXODWH WKH SLH]RHOHFWULF SDUDPHWHUV
OLNH WKH GLHOHFWULF FRQVWDQW .7 WKH TXDOLW\ IDFWRU 4 WKH GLHOHFWULF ORVV WDQ δ DQG WKH SLH]RHOHF
WULF FRHIILFLHQW d31 7DEOH  &RPSDULVRQ RI WKHVH SDUDPHWHUV LV PDGH ZLWK WKRVH RI WKH EXON FHUDPLF
IDEULFDWHG ZLWK WKH VDPH 3=7 FRPSRVLWLRQ DQG ILUHG PLQ DW 850◦C 7KH ORZHU HOHFWURPHFKDQLFDO
SURSHUWLHV RI WKH IUHHVWDQGLQJ VDPSOHV FRPSDUHG WR WKRVH RI 3=7 FHUDPLFV PD\ EH DWWULEXWHG WR WKH
KLJK SRURVLW\ UDWH RI VFUHHQSULQWHG 3=7 OD\HUV
7DEOH  3LH]RHOHFWULF SDUDPHWHUV RI IUHHVWDQGLQJ DQG FHUDPLF RI 3=7
7RWDOO\ UHOHDVHG PLFURFHUDPLF IRU 0(06 DQG 6+0 DSSOLFDWLRQV
7KH VDFULILFLDO OD\HU SURFHVV KDV DOVR EHHQ DSSOLHG IRU WKH IDEULFDWLRQ RI GLVFUHWH $X3=7$X PL
FURFHUDPLFV ZKLFK PXVW EH WRWDOO\ UHOHDVH IURP WKH VXEVWUDWH 7KH WZR SDVWHV $X 6U&2HSR[\ DQG
SURFHVV VHOHFWHG IRU GLVN IDEULFDWLRQ DUH LGHQWLFDO DV WKRVH XVHG IRU WKH FDQWLOHYHU SURFHVVLQJ >@ )RU D
EHWWHU GHQVLILFDWLRQ RI 3=7 OD\HUV WKH HXWHFWLF SKDVH /%&X ZW /L&2 ZW %L2 ZW
&X2 UHSODFHV WKH ERURVLOLFDWH VLQWHULQJ DLG SUHYLRXVO\ XVHG LQ WKH 3=7 SDVWH IRU EULGJHW\SH VDPSOHV
7KH VFUHHQSULQWHG VDFULILFLDO OD\HU FRYHUV HQWLUHO\ WKH [FP DOXPLQD VXEVWUDWH $IWHU SULQW
LQJ WKH GULHG WKLFNQHVVHV RI JROG DQG 3=7 OD\HUV DUH UHVSHFWLYHO\  DQG µP ,Q RUGHU WR OLPLW WKH
SUHVHQFH RI FUDFNV RU KROHV LQ WKH YHU\ WKLFN 3=7 OD\HU WKH GU\LQJ VWHS LV SHUIRUPHG ZLWK DQ KHDWLQJ
UDWH RI 1◦CPLQ IRU 30 < T (◦C) < 400 DQG 20◦CPLQ IRU (400 < T (◦C) < 900) 7KH GLVN VDPSOHV
DUH WKHQ ILUHG  KRXUV DW 900◦C DQG FRROHG GRZQ WR URRP WHPSHUDWXUH DW 20◦CPLQ )LJE
D E
)LJXUH  3KRWRJUDSK RI D SLH]RHOHFWULF EULGJHV (5x3.3x0.08mm3 3.3x3.3x0.08mm3
3.3x1x0.08mm3) DQG E VWUDLJKWIRUZDUG HOHFWURGHG PLFURFHUDPLF (∅9.5mm WKLFN 190µm)
7KH PDLQ SLH]RHOHFWULF DQG GLHOHFWULF SURSHUWLHV UHODWHG WR VFUHHQSULQWHG SLH]RHOHFWULF GLVNV DUH
UHSRUWHG LQ 7DEOH  7KH\ DUH FRPSDUHG WR WKRVH RI D SHOOHW RI VDPH FRPSRVLWLRQ DQG ILUHG WKH VDPHZD\
DQG WKRVH RI D 3=7 FRPPHUFLDO FHUDPLF 3, FHUDPLF 7KH GLHOHFWULF DQG SLH]RHOHFWULF SHUIRUPDQFHV
RI 3=7 WKLFNILOPV DUH VWLOO ORZHU WKDQ WKRVH RI SHOOHWV RU RI WKRVH RI FRPPHUFLDO FHUDPLFV EHFDXVH
RI WKHLU SRRUHU GHQVLILFDWLRQ 1HYHUWKHOHVV WKH VFUHHQSULQWHG $X3=7$X PLFURFHUDPLFV DUH WHVWHG
LQ WKUHH FRQILJXUDWLRQV VHQVRU DFWXDWRU DQG (OHFWUR0HFKDQLFDO ,PSHGDQFH LQ RUGHU WR HYDOXDWH WKH
SRWHQWLDOLW\ IRU 0(06 RU 6+0 DSSOLFDWLRQV )RU DOO WKH WHVWV WKH PLFURFHUDPLFV $X3=7$X DUH
ERQGHG ZLWK D 30µm ULJLG JOXH IURP (327(&. (327. ( RQ D VWHHO EHDP FODPSHG DW RQH
HQG (200x20x0.48mm3)
7DEOH  (OHFWURPHFKDQLFDO SDUDPHWHUV RI $X3=7$X GLVN DQG SHOOHW DQG FRPPHUFLDO 3=7 VDPSOH
)RU WKH VHQVRU WHVW WKH ILUVW UHVRQDQFH PRGH RI WKH EHDP LV H[FLWHG E\ SXOOLQJ LW DZD\ IURP LWV
HTXLOLEULXP 7KH LQGXFHG YLEUDWLRQV DQG WKH UHVRQDQFH IUHTXHQF\ DUH WKXV PHDVXUHG ZLWK WKH VFUHHQ
SULQWHG SLH]RHOHFWULF $X3=7$XPLFURFHUDPLF WKURXJK D FKDUJH DPSOLILHU 7KH GLVFUHSDQFLHV EHWZHHQ
WKH PHDVXUHG UHVRQDQFH IUHTXHQF\ RI WKH EHDP (9.50Hz) DQG WKH FDOFXODWHG YDOXH (10.17Hz) FDQ EH
DWWULEXWHG WR LWV VL]HV DSSUR[LPDWLRQ &RQFHUQLQJ WKH DFWXDWRU WHVW DSSOLFDWLRQ RI D YROWDJH V = 130V
WR WKH 3=7 GLVN DW WKH UHVRQDQFH IUHTXHQF\ RI 9.5Hz LQGXFHV EHDP RVFLOODWLRQV ZKLFK DUH PHDVXUHG
ZLWK D ODVHU YLEURPHWHU 7KH PD[LPXP VSHHG RI WKHVH RVFLOODWLRQV (∼ 130mm/s) IRU GLVSODFHPHQW
DPSOLWXGH RI 2.18mm LV PHDVXUHG )LQDOO\ PHDVXUHPHQW RI WKH (OHFWUR0HFKDQLFDO ,PSHGDQFH (0,
RI WKH EHDP ZLWK WKH VFUHHQSULQWHG SLH]RHOHFWULF WUDQVGXFHU VKRZV PDQ\ UHVRQDQFH SHDNV ZKLFK LV
IDYRXUDEOH IRU 6+0 DSSOLFDWLRQV )LJ
&RQFOXVLRQ
7KH HIILFLHQF\ RI WKLV VLPSOH DQG ORZFRVW SURFHVV KDV EHHQ GHPRQVWUDWHG ZLWK WKH IDEULFDWLRQ RI
0(06 EDVHG RQ GLIIHUHQW PDWHULDOV PHWDOV FHUDPLFV JODVV JODVVFHUDPLFV HWF 3LH]RHOHFWULF PD
WHULDOV KDYH EHHQ FKRVHQ IRU WKH SURFHVVLQJ RI DFWXDWHG 0(06 PRUH SUHFLVHO\ DQFKRUHG EULGJHV DQG
)LJ  5HDO SDUW RI WKH (OHFWUR0HFKDQLFDO ,PSHGDQFH (0, PHDVXUHPHQWV ZLWK WKH $X3=7$X PL
FURFHUDPLF ERQGHG RQ WKH PHWDOOLF VWUXFWXUH
WRWDOO\ IUHHVWDQGLQJ GLVNV 6WXGLHV RI PLFURVWUXFWXUH RI WKH $X3=7$X EULGJHV VKRZ WKH KDUPOHVV
QHVV RI WKH SURFHVV ,PSHGDQFH DQDO\VLV FRQILUPV WKH SUHVHQFH RI RXWRI SODQH DQG LQSODQH YLEUDWLRQV
WKH ODWHU EHLQJ RQO\ REVHUYHG IRU IUHHVWDQGLQJ UHVRQDWRUV 7KH HOHFWURPHFKDQLFDO SURSHUWLHV RI 3=7
WKLFNILOPV VWLOO ORZHU WKDQ WKRVH RI 3=7 FHUDPLFV DUH FRUUHODWHG WR WKH KLJK SRURVLW\ UDWH (∼ 30 RI
WKH SULQWHG 3=7 ILOPV +RZHYHU WKHVH IUHHVWDQGLQJ 3=7 PLFURFRPSRQHQWV SUHVHQW D JRRG HOHFWURPH
FKDQLFDO EHKDYLRXU DQG FDQ EH XVHG LQ 0(06 DSSOLFDWLRQV ,QGHHG WKH $X3=7$X GLVNV FDQ EH XVHG
DV DFWXDWRU RU YLEUDWLRQV VHQVRUV 7KHLU JRRG HOHFWURPHFKDQLFDO VLJQDWXUH ZKHQ ERQGHG RQ D PHWDOOLF
VWUXFWXUH DOVR VXJJHVWV 6+0 DSSOLFDWLRQV (0, WHVWV ZLWK GDPDJHG VWUXFWXUHV DUH XQGHU FXUUHQW GHYHO
RSPHQW 7KH WKLFNILOP VDFULILFLDO OD\HU SURFHVV GHVFULEHG LQ WKLV SDSHU PD\ ZHOO RSHQ QHZ URXWHV RI
LQYHVWLJDWLRQ IRU 0(06 FRPSOHPHQWDU\ WR VLOLFRQ /7&& RU 3&% RQHV
5HIHUHQFHV
>@ -: -XG\ 6PDUW 0DWHU 6WUXFW   
>@ -- 6DQWLDJR$YLOHғV 05 *RQJRUD5XELR 3 (VSLQR]D9DOOHMRV / 6ROD/DJXQD 3URF ,0$36 &RQI RQ
&HUDPLF ,QWHUFRQQHFW 7HFKQRORJ\ 'HQYHU  
>@ ) 0HғQLO + 'HEHғGD & /XFDW -RXUQDO RI (XURSHDQ &HUDPLF 6RFLHW\   
>@ 6 .RN 10:KLWH 15 +DUULV )DEULFDWLRQ DQG FKDUDFWHUL]DWLRQ RI IUHHVWDQGLQJ WKLFN ILOP SLH]RHOHFWULF
FDQWLOHYHUV IRU HQHUJ\ KDUYHVWLQJ 0HDVXUHPHQW 6FLHQFH DQG 7HFKQRORJ\   
>@ & /XFDW 3 *LQHW & &DVWLOOH + 'HEHғGD DQG ) 0HғQLO ³0LFURV\VWHPV HOHPHQWV EDVHG RQ IUHH VWDQGLQJ
WKLFNILOPV PDGH ZLWK D QHZ VDFULILFLDO OD\HU SURFHVV´ 0LFURHOHFWURQLFV 5HOLDELOLW\    
>@ 5 /DNKPL +'HEHғGD 00DJOLRQH , 'XIRXU & /XFDW ,QWHUQDWLRQDO -RXUQDO RI $SSOLHG &HUDPLF
7HFKQRORJ\ '2, LMDF 
0DWHULDOVDQG$SSOLFDWLRQVIRU6HQVRUVDQG7UDQVGXFHUV,,,
ZZZVFLHQWLILFQHW.(0
6WXG\RI)UHH6WDQGLQJ(OHFWURGHG3=77KLFN)LOPV)URP0DWHULDOVWR0LFURV\VWHPV
ZZZVFLHQWLILFQHW.(0
